Abstract. Colorectal cancer is a severe cancer associated with a high prevalence and fatality rate. There are three major mechanisms for colorectal cancer: (1) Chromosome instability (CIN), (2) CpG island methylator phenotype (CIMP) and (3) mismatch repair (MMR), of which CIN is the most common type. However, these subtypes are not exclusive and overlap. To investigate their biological mechanisms and cross talk, the gene expression profiles of 585 colorectal cancer patients with CIN, CIMP and MMR status records were collected. By comparing the CIN+ and CIN-samples, CIMP+ and CIMP-samples, MMR+ and MMR-samples with minimal redundancy maximal relevance (mRMR) and incremental feature selection (IFS) methods, the CIN, CIMP and MMR associated genes were selected. Unfortunately, there was little direct overlap among them. To investigate their indirect interactions, downstream genes of CIN, CIMP and MMR were identified using the random walk with restart (RWR) method and a greater overlap of downstream genes was indicated. The common downstream genes were involved in biosynthetic and metabolic pathways. These findings were consistent with the clinical observation of wide range metabolite aberrations in colorectal cancer. To conclude, the present study gave a gene level explanation of CIN, CIMP and MMR, but also showed the network level cross talk of CIN, CIMP and MMR. The common genes of CIN, CIMP and MMR may be useful for cross-subtype general colorectal cancer drug development.
Introduction
Colorectal cancer is one of the most common cancer with leading cause of death (1) . Its classical molecular events have been well-studied. The oncogenes in colorectal cancer are ras, scr and c-myc while the tumor suppressor genes are APC and p53. The Wnt pathway is considered to be important in the tumorgenesis of colorectal cancer. In 1990, Fearon and Vogelstein (2) proposed a famous model of colorectal cancer which believes a serials of gene and signaling pathway alterations contribute to the histology changes from normal tissue to adenoma and then to carcinoma. Li et al found that at each stage of colorectal cancer, their gene expression profiles were different (3). Jiang et al found that the early stage colorectal cancer biomarkers and late stage biomarkers were different and they can be connected by signal propagation on the network (4). Many genes were found to be associated with colorectal cancer by gene expression and network analysis (5, 6) . And many signaling pathways, such as Wnt/β-catenin signaling, epidermal growth factor receptor/Ras signaling, p53 signaling, Notch signaling, Hedgehog signaling, and Hippo signaling, were found to play roles in colorectal cancer (7) .
To summary the current understandings of colorectal cancer, there are major mechanisms for colorectal cancer: (1) chromosome instability (CIN), (2) CpG island methylator phenotype (CIMP) and (3) mismatch repair (MMR). In approximately 85% of colorectal cancer patients, the chromosomal instability (CIN) is observed (8) . They exhibited genomic instability on the chromosomal level. The CIN patients usually have the poorest prognosis (9) . In approximately 15-20% colorectal cancer patients, there are widespread CIMP (10) . In approximately 15% colorectal cancer patients, Microsatellite instability (MSI) is detected (11) . It is caused by the loss of DNA MMR activity. The MSI patients tend to have a good prognosis (12) . These mechanisms are not mutually exclusive. For example, the MMR patients usually also show varying degrees of CIN (8) . Different pathways that were used for characterizing each mechanism actually can interact with each other and cross talk (7) . Multiple signaling pathways share transcription factors, microRNAs and ligases, such as miR-21, miR-145, FBXW7 and β-TrCP (7) .
Cross talk of chromosome instability, CpG island methylator phenotype and mismatch repair in colorectal cancer
To systematically investigate the relationship between CIN, CIMP and MMR, we analyzed the gene expression profiles of 585 colorectal cancer patients. These patients were annotated with CIN, CIMP and MMR status. For each status, we applied advanced minimal redundancy maximal relevance (mRMR) and incremental feature selection (IFS) method to select its biomarkers genes. Then we overlapped the CIN, CIMP and MMR biomarker genes. Since they may not directly interact with each other, we used random walk with restart (RWR) method to find the region that the CIN, CIMP and MMR biomarker genes affect and investigated the commonly regulated genes by CIN, CIMP and MMR. The biological functions of these commonly regulated genes were analyzed. Our work found the molecular cross talk among CIN, CIMP and MMR, revealed the internal logic of colorectal tumorgenesis, and provided the emerging therapeutic targets that may be suitable for most colorectal cancer patients rather than a small proportion of patients.
Materials and methods
The gene expression profiles of 585 colorectal cancer patients. We downloaded the gene expression profiles of 585 colorectal cancer patients from GEO (Gene Expression Omnibus) with accession number of GSE39582 (13) . The expression levels were measured with Affymetrix Human Genome U133 Plus 2.0 Array which had 54,675 probes corresponding to 20,502 genes. The probes corresponding to the same gene were averaged. The gene expression data was preprocessed with quantile normalization. Within the 585 colon patients, there were 369 CIN+ and 112 CIN-, 93 CIMP+ and 420 CIMP-, 77 dMMR and 459 pMMR. For each analysis, the patients with missing status were excluded. For example, for CIN+ and CIN-comparison, the 369 CIN+ and 112 CIN-patients were considered while 104 without CIN information were excluded.
The CIN-associated gene selection mRMR gene ranking. We used the mRMR method (14) to rank the genes based on their relevance with CIN status and their redundancy between genes. The mRMR method is based on information theory and has been widely used in bioinformatics filed (15) (16) (17) (18) (19) . To apply mRMR method, we used the C/C++ version mRMR software downloaded from http://home.penglab.com/proj/mRMR/. With mRMR method, we obtained a ranked gene list. The top 500 mRMR genes were analyzed.
IFS.
To determine how many genes should be selected from the mRMR gene list, we adopted the IFS method (4, (20) (21) (22) (23) (24) and constructed 500 support vector machine (SVM) classifiers. In this study, we used the svm function with default parameters from R package e10171 (https://cran.r-project.org/web/packages/e1071/) to build the SVM classifier. Each time, the top k genes in the mRMR list was used to build the SVM classifier. And the performance of the top k-gene classifier was evaluated with leave-one-out cross validation (LOOCV). To objectively evaluate the classifier's performance, Sensitivity (Sn), Specificity (Sp), Accuracy (ACC) and Mathew's correlation coefficient (MCC) were calculated:
where TP, TN, FP and FN stand for true positive (CIN+), true negative (CIN-), false positive (CIN+) and false negative (CIN-), respectively. Since the sizes of positive (CIN+) and negative (CIN-) samples were imbalance in this study, MCC which considered both Sn and Sp, was choose as the major measurement (25) . At last, based on the IFS curve in which the number of top genes that were used as x-axis and the LOOCV MCCs of classifiers as y-axis, we can decide how many genes should be used to build a classifier with great performance and small complexity. The peak or the change point of the IFS curve were usually chosen.
The CIMP-associated gene selection. Similarly, we can identify the CIMP-associated genes using mRMR and IFS methods. Since the sample size of CIMP+ and CIMP-patients were also imbalance, the MCC was considered as the key measurement for prediction performance evaluation and was used to plot the IFS curve.
The MMR-associated gene selection. Similarly, we can identify the MMR-associated genes by analyzing the gene expression profiles pMMR and dMMR patients using mRMR and IFS methods. The dMMR and pMMR were considered as positive and negative samples, respectively. The MCC was used to plot the IFS curve since there were much more pMMR than dMMR.
The overlapped genes and common downstream genes of CIN, CIMP and MMR. We would like to known whether there is a general mechanism for CIN, CIMP and MMR. The direct way is to overlap the mRMR and IFS identified CIN associated genes, CIMP associated genes and MMR associated genes.
Since the identified CIN associated genes, CIMP associated genes and MMR associated genes may be incomplete or locate at the upstream of the colorectal cancer signaling pathway, we tried to pin down the area affected by the CIN associated genes, CIMP associated genes and MMR associated genes on the protein-protein interaction network of using RWR method (26) (27) (28) (29) . The STRING network (version 10.0) (30) is a comprehensive protein-protein functional association network that has been widely used (26, 28, (31) (32) (33) (34) (35) (36) (37) (38) (39) . It included 19,247 proteins and 4,274,001 interactions. We constructed the network using the protein-protein interactions with confidence score >0.900 which is the highest confidence interaction in STRING database. Then the n * n adjacent matrix (A) of the network which included n proteins was column-wise normalized to make the column sum to be 1 by assign 1/m to the m interaction proteins of protein j in column j and 0 to other proteins without interactions.
The random walk procedure repeat in every time tick (t→t+1) from the initial seed genes which were represented as a n length vector with P 0 value of 1/k for the k seed genes and value of 0 for other n-k non-seed genes. The state probabilities P t+1 at time t+1 is calculated as follow: P t+1 =(1-r)AP t +rP 0 (5), where P t is state probabilities at time t, r is the restart probability which is set to 0.7 as suggested by previous studies (26) (27) (28) (29) 40) . It has been reported that if r is in a sizable range (0.5-0.8), the results will have little difference (40) . These random walk process will stop when the difference between two steps is smaller than 1e-6. At last, all genes on the network will be assigned with a RWR score which corresponds to the probability of being expanded from the seed genes.
To statically evaluate the significance of RWR score, we randomly chosen the same number of seed genes and calculated their RWR scores for 1,000 times. The significance of actual RWR score can be defined as a permutation P-value of how times the random RWR scores was greater than the actual RWR score over the permutation times which was 1,000 in this study. The genes with permutation P-value smaller than 0.05 were considered as significant RWR expanded genes.
The RWR expanded genes can represent the downstream genes of CIN, CIMP and MMR and be used for common downstream gene analysis. The functions of the common CIN, CIMP and MMR downstream genes were enriched onto KEGG pathways and Gene Ontology (GO) terms using hypergeometric test.
Results and Discussion
The CIN associated genes identified with mRMR and IFS. The top 500 most discriminative genes between CIN+ and CINsamples were ranked using the mRMR method which considered both their relevance with CIN status, and their redundancy with selected genes. After the genes were ranked by mRMR, we chosen the number of top genes by applying the IFS procedure. Different number of top genes were tried and their prediction performance were evaluated. The IFS curve with the number of genes as x-axis and leave one out cross validation MCC as y-axis was shown in Fig. 1A . It can be seen that when 34 genes were used, the leave one out cross validation MCC was the highest. The leave one out cross validation Sn, Sp, ACC and MCC of these 34 genes were 0.932, 0.696, 0.877 and 0.648, respectively. Therefore these 34 genes were chosen and shown in Table I . As shown in Fig. 2A , the 34 CIN associated genes can cluster the CIN+ and CIN-patients into the right groups. IVD, NDUFAF1, OIP5-AS1, EXOSC9, HSPA4L, RPL22L1, EMC6, NCBP3, CYB5D1, PRPSAP2, RALBP1, ATP9B, ADGRG6, TRIM7, NLRX1, RNF145, CTC1, TMEM102 were highly expressed in CIN-patients while TGFBR2, HERPUD2, KBTBD2, ROCK2, TUFT1, TMEM176A, RHEB, SERINC3, STX16, COMMD7, DYNLRB1, RTFDC1, EIF6, TM9SF4, HEATR4, RRNAD1 were highly expressed in CIN+ patients.
The CIMP associated genes identified with mRMR and IFS. Similarly, the CIMP associated genes can be identified using mRMR and IFS methods. As a result, 19 genes were selected based on the IFS curve shown in Fig. 1B and listed in Table II . The 19 genes' leave one out cross validation Sn, Sp, ACC and MCC were 0.710, 0.976, 0.928 and 0.744, respectively. As shown in Fig. 2B , the 19 CIMP associated genes can cluster the CIMP+ and CIMP-patients into the right groups. VANGL2, ZNF665, JUN, FAM84A, ZBTB38, GRM8, DUSP18, PRDX5, HUNK, QPRT, ZNF141, MLH1, MTERF1 were highly expressed in CIMP-patients while PIWIL1, ADGRG6, FOXD1, HOXC6, AFAP1-AS1, HS3ST1 were highly expressed in CIMP+ patients.
The MMR associated genes identified with mRMR and IFS. Similarly, the MMR associated genes can be identified using mRMR and IFS methods. As a result, 18 genes were selected based on the IFS curve shown in Fig. 1C and listed in Table III . The leave one out cross validation Sn, Sp, ACC and MCC of these 18 genes were 0.922, 0.985, 0.976 and 0.902, respectively. As shown in Fig. 2C , the 18 MMR associated genes can cluster the MMR+ and MMR-patients into the right groups. CAB39L, H2AFJ, TGFBR2, MLH1, SEC22B, BRD3, FBXO21, FOXO3, INO80D were highly expressed in MMR-patients while EIF5A, RAPGEF6, LYG1, HNRNPL, MTA2, HPSE, STRN3, MIR3916, RAB12 were highly expressed in MMR+ patients.
The direct overlap between CIN associated genes, CIMP associated genes and MMR associated genes. As three major mechanisms of colorectal cancer, we would like to investigate whether there were overlaps between CIN associated genes, CIMP associated genes and MMR associated genes. The Venn diagram of CIN associated genes, CIMP associated genes and MMR associated genes were shown in Fig. 3 . It can be seen that none genes were common in these three gene lists. The overlap between CIN and CIMP was ADGRG6, the common gene between CIN and MMR was TGFBR2 and the overlap between CIMP and MMR was MLH1. The references of ADGRG6 was limited and its functions were largely unknown. Interestingly, TGFBR2 has been reported as a candidate driver gene in MSI colorectal cancer (41) and the MMR patients usually also show varying degrees of CIN (8) . TGFBR2 may be key of the association of CIN and MMR. The correlation of MLH1 methylation and MMR status has been reported (42) and it confirmed the association of CIMP and MMR.
The cross talk between CIN, CIMP and MMR. Since there is little overlap between the CIN associated genes, CIMP associated genes and MMR associated genes identified by mRMR and IFS, we would like to investigate whether they have common downstream genes. To verify this, we used the workflow shown in Fig. 4 to investigate the cross talk between CIN, CIMP and MMR. The key is step (C) which identifies the genes that the CIN, CIMP and MMR affects, i.e. the downstream genes of CIN, CIMP and MMR. To do so, first The numbers of downstream genes of CIN, CIMP and MMR with permutation P-value <0.05 were 745, 709 and 807, respectively. Fig. 5 showed the overlap among CIN, CIMP and MMR and there were 236 common downstream genes of CIN, CIMP and MMR. These 236 genes were shown in Table IV . To statistically evaluate the significance of overlap, we calculated the odds ratio and P-value using R package Super Exact Test (43) . The results were shown in Fig. 6 . The odds ratio of overlap was 60.3 and the P-value was smaller than 1e-320.
The biological functions of the overlapped genes were investigated by enriching them onto KEGG and GO. The enrichment results were summarized in Table V . It can be seen that the significantly enriched KEGG pathways with FDR (false discovery rate) <0.05 were: hsa00770 Pantothenate and CoA biosynthesis, hsa00785 Lipoic acid metabolism and hsa04514 Cell adhesion molecules (CAMs). Similarly, the most significantly enriched GO terms were: GO:0015937 coenzyme A biosynthetic process, GO:0015936 coenzyme A metabolic process, GO:0033866 nucleoside bisphosphate biosynthetic process, GO:0034030_ribonucleoside bisphosphate biosynthetic process and GO:0034033 purine nucleoside bisphosphate biosynthetic process. These results indicated that the CIN, CIMP and MMR all affect biosynthetic and metabolic process and pathway to accelerate the tumorgenesis. In clinic, the metabolic syndrome was found to be able to increase the risk of colorectal cancer (44) . And in colorectal cancer cell, there are aberration of various metabolites, such as nucleotides, amino acids, tricarboxylic acid, carbohydrates, and pentose-phosphate (45) .
As a complex disease, the colorectal cancer can be caused by several different mechanisms. The three well-known one were CIN, CIMP and MMR. They were different but not exclusive. We investigated the genes that were associated with CIN, CIMP and MMR, separately using mRMR and IFS methods. Then by direct overlapping the CIN associated genes, CIMP associated genes and MMR associated genes, they share little common genes. Therefore, they were highly possible to interact with each other indirectly. To verify this idea, we identified Figure 3 . The Venn diagram of CIN associated genes, CIMP associated genes and MMR associated genes. None genes were common in these three gene lists. The overlap between CIN and CIMP was ADGRG6, the common gene between CIN and MMR was TGFBR2 and the overlap between CIMP and MMR was MLH1. CIN, chromosome instability; CIMP, CpG island methylator phenotype; MMR, mismatch repair.
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